We describe an improved design of fiber-optic interferometer intended to measure surface profiles with enhanced capability of vibration suppression. The reference wavefront is generated directly from the measurement wave using a multi-mode fiber that eliminates only the spatial wavefront distortion by means of bend loss. The temporal fluctuation caused by vibration is consequently cancelled out in the process of interference since it becomes to exist in both the measurement and reference waves. Further, an injection locking technique is incorporated to stabilize the reference wave intensity and hence make stable the interferometric fringe intensity. Experimental result proves that the proposed fiber-optic interferometer is capable of producing sub-wavelength measurement precision even in the presence of severe vibration with 100-μm amplitude.
Introduction
Optical interferometers are widely being used with various system configurations for testing optics such as lenses and mirrors. At the same time, many efforts have been made to achieve sub-wavelength measurement precision even in the presence of external vibration and air fluctuation. An example is the approach of single-shot fringe measurement, which was successfully demonstrated by means of Fourier-transform analysis [1] , spatial phase shifter [2] , diffractive optics [3] and pixilated phase mask [4] . Another approach was direct suppression of vibration by implementing closed loop control in real time [5] . Cancelling out vibration effects by adopting the common-path configuration was also another solution as verified by employing a scatter plate [6] , diffractive optics [7] and pinhole [8] .
The concept of fiber-optic interferometer was recently proposed as an effective means of vibration desensitization [9] . The interferometer adopted a single-mode fiber to generate the reference wavefront directly from the measurement wave by means of spatial mode filtering. The result is that the reference wavefront becomes to share the same level of temporal fluctuation caused by vibration with the measurement wavefront, thus the vibration effect is cancelled out in the interference fringe. Now, in this paper we propose an improved scheme of fiber-optic interferometer with the intention of enhancing the vibration-suppression capability. For the purpose, the single-mode fiber is replaced with a multi-mode fiber of a large core diameter to produce better immunity to large vibration. In addition, an injection locking scheme is incorporated to stabilize the reference wave intensity and hence sub-wavelength measurement precision can be achieved even in the presence of severe vibration with 100-μm amplitude. Figure 1 shows the fiber-optic interferometer system designed in this investigation to measure the surface profile of concave mirrors. The light source is a semiconductor laser emitting a beam of 636-nm wavelength with a 25-mW power. The source beam is linearly polarized after collimation and then made incident on the target mirror through a polarizing beam splitter (PBS1). The reflected beam from the target mirror constitutes the measurement wave whose wavefront is affected not only by the surface profile of the target mirror but also by the presence of vibration. The former appears in the measurement wavefront as a spatial distortion, while the latter as a temporal fluctuation of the wavefront as a whole. The reference wave is generated directly from the measurement wave so that both the waves are affected equally by the temporal fluctuation due to the vibration effect. For this, the measurement wave is divided into two waves by a beam splitter (BS); one is focused on a multi-mode fiber to generate the reference wave and the other is used as the measurement wave to be interfered with the reference wave later on. The used multi-mode fiber performs spatial mode filtering, which removes all higher modes but the fundamental mode. For this spatial mode filtering, a predetermined amount of bent is deliberately given to the fiber so that higher modes become dissipated through the fiber cladding by means of bent loss. The filtered beam as the reference wave has a spatially uniform wavefront with its distortion caused by the target surface profile being removed. The reference wave is then power-stabilized by being injected into a laser diode through a Faraday rotator (FR) to yield a constant output intensity even in the presence of vibration. Now, the reference wave is delivered through a single-mode fiber to a polarization beam splitter (PBS2), after which it is recombined with the measurement wave to create interference fringes. In the process of interference, the temporal vibration effect is cancelled out since it exists in both the reference and measurement waves. On the other hand, the spatial distortion induced by the target surface profile is preserved only in the measurement wave and hence it remains in the interference fringes. For fringe analysis, phase shifting is provided with a PZT actuator varying the optical path length of the reference wave. Finally, the resulting interference fringes are captured using a digital CCD camera of 640 x 480 pixels. Figure 2 shows the interferometer system actually built in this investigation to test the vibration suppression capability explained so far. 
Interferometer system design

Bend loss of multi-mode fiber
A single-mode fiber has inherent capability of spatial mode filtering due to its small core diameter, but it requires a tight alignment tolerance in coupling with the incident beam as the core diameter is less than 3 μm [10] . The required alignment tolerance is usually too taut to be met in receiving the measurement wave being reflected from the target mirror subject to large vibration, thereby restricting the maximum level of vibration to be dealt with. This problem is coped with by adopting a multi-mode fiber having a large core diameter of 12 μm. The used multi-mode fiber offers a larger alignment tolerance, but it lacks in the spatial mode filtering capability. Thus the bend loss technique has to be adopted which allows a large propagation loss by bending the fiber with a small curvature [11, 12] . In general the fundamental mode exhibits a minimum loss at a fixed curvature bending, making it possible to remove all higher modes by reducing the curvature to a certain threshold [13] . The bend loss technique relies on three control parameters; the core diameter D, bend radius R and fiber length L. The relationship between the parameters are given as [14]       
Other variables in Eq. (1) are: P is the input power, ΔP the power output flow per unit length, R the bend radius, a the fiber core radius, β g the propagation constant of each guided mode, n 1 the core refractive index, n 2 the clad refractive index, k the wave number and K ν the modified Henkel function of order of ν. Table 1 shows several combinations of D, R and L considered in this investigation based on the theoretical prediction of Eq. (1). As for the core diameter (D), three different values of 10 μm, 12 μm and 20 μm were selected. For each core diameter, the fiber length (L) was varied from 20 to 200 cm. The bend radius (R) was also varied from 0.5 to 1.0 cm with the radius of 0.5 cm being the minimum value to avoid physical breakage of the fiber. For each combination, the fiber output spatial intensity profile was actually measured by using a beam profiler (SP-640, Spiricon) in terms of the Gaussian correlation factor that approaches to 1 as the spatial mode filtering becomes ideal. Finally, based on the data summarized in Table 1 , a best combination was decided as D = 12 μm, R = 0.5 cm and L = 20 cm for the design parameters to be implemented in the interferometer built as in Fig. 2 . The M 2 factor of the selected multi-mode fiber was measured as 1.353, which was comparable to 1.273 of the case of using a single-mode fiber. The selected combination leads to the shortest fiber length among those of the candidates, permitting minimizing the optical path delay that should be provided in the measurement arm for matching of coherence length with the reference arm. 
Injection locking
The multi-mode fiber used for generating the reference wave has a relatively large alignment tolerance for coupling but the intensity of the generated reference wave tends to fluctuate if the target mirror is subject to large vibration. This intensity instability causes degradation of the visibility of interferometric fringes and consequently leads to measurement errors. In order to avoid the problem, as illustrated in Fig. 1 , an injection locking scheme is adopted. The output beam of the multi-mode fiber is fed into a laser diode whose output power is being controlled to be stable all the time by regulating the input current and temperature. This injection locking method enables not only amplification but also stabilization of the reference wave to suppress vibration effects [15, 16] . There is no change in the optical frequency of the reference wave between before and after injection locking. However, care is needed to take into consideration a certain amount of phase delay induced in the reference wave after injection locking. The phase delay Δφ is analytically given as [17]  
where γ denotes a proportional constant, δI is the input current stability, Δν L is the overall injection locking range of the used laser diode, Δν is the frequency difference between the reference wave and the laser diode before injection locking. In practice, the phase delay Δφ of Eq. (2) is inevitable and becomes time-varying unless δI is kept to be zero absolutely. However, in the surface profile measurement by phase-shifting interferometry as attempted in this investigation, but the phase delay causes no serious measurement errors as it appears uniformly across the reference wavefront. In our experiment, as the slave laser for injection locking, a microlens-coupled laser diode (PS028, Blue Sky Research) was used along with an isolator (IO-5-λ-PBS, Thorlabs) composed of two polarizing beam splitters and a Faraday rotator. Figure 3 shows an experimental result in which the spectrum of the output frequency of the laser diode was monitored using an optical spectrum analyzer (86142B, Agilent). The diode laser is in a free running state before injection locking, hopping over two consecutive modes. After injection locking, the slave laser is stabilized to a wavelength of 636.686 nm of the original reference wave. Time-varying fluctuation of the phase delay turns out to be 4·10 4 rad, which is small enough to be neglected.
Discussions
The overall capability of vibration suppression was verified while a target mirror of 25.4 mm diameter was intentionally excited using a PZT actuator with different amplitudes and frequencies. Figure 4 shows an experimental result for the output power of the reference wave, which was obtained when the excitation was given at 10 Hz with amplitude of 30 μm and 100 μm, respectively. For comparison, the same test was repeated for different system configurations; as depicted in the figure, SMF refer to the case when a single-mode fiber was used without injection locking, which is identical to the case of our previous experiment presented in Ref. 9 . And MMF represents the case when only a multi-mode fiber was used with bend radius of 0.5 cm to relax the alignment tolerance. In this case, no injection locking was conducted. Lastly, MMF + IL denotes the case when the same bent multi-mode fiber was used together with injection locking. As the excitation amplitude increases, the intensity fluctuation amplitude grows up for the cases of SFM and MMF. On the contrary, in the case of MMF + IL, no significant fluctuation is monitored for both the 30 μm and 100 μm amplitudes, validating the stabilization capability of the proposed scheme of vibration suppression. In principle, the highest vibration frequency that can be suppressed is limited by the control bandwidth of injection locking for intensity stabilization. Even though the experiment for Fig. 4 was conducted at 10 Hz because of the power limitation of the PZT actuator used to excite the test mirror, the control bandwidth is fast enough to deal with high frequencies near a few kHz. Figure 5 shows actual interference fringes captured with the excitation conditions of Fig. 4 . The video images confirm that our approach of utilizing a bent multi-mode fiber along with injection locking is effective in suppressing vibration. Table 2 shows experimental data obtained with 15 repeated measurements of the surface profile of a concave mirror of a 25.4-mm diameter. For each measurement, phase shifting was provided by controlling the PZT actuator ( Fig. 1 ) with six steps with an increment of 90 degree. Then the A-bucket algorithm of Ref. 18 was used to extract phase information from captured interference fringes, which is insensitive to the phase delay caused by the injection locking process of the reference wave. Root-mean-square (RMS) values of measured profiles are listed for different excitation amplitudes. Standard deviations of measured RMS values are also presented. As expected, in the case of SMF, the standard deviation of RMS profile measurements increases to 34 nm as the vibration amplitude increases to 100 μm. On the contrary, in the case of MMF + IL, the standard deviation undergoes no significant variation even though the vibration amplitude grows up to 100 μm. The slight increase of the standard deviation to 3.5 nm in this case is attributed to the fact that our method is not capable of suppressing the tilt motion of the target mirror completely because it causes a non-uniform temporal fluctuation in the measurement wavefront that cannot be cancelled out in the process of interference with the reference wavefront. 
Conclusions
Our design of fiber-optic interferometer offers a significant improvement in vibration desensitization capability by generating the reference wavefront directly from the measurement wave using a multi-mode fiber together with an injection locking scheme. The temporal fluctuation caused by vibration is cancelled out in the process of interference since it becomes to exist in both the measurement and reference waves. Experimental result proves that the proposed fiber-optic interferometer is capable of producing sub-wavelength measurement precision even in the presence of severe vibration with 100-μm amplitude, which is in fact an outstanding improvement by a factor of 10 in comparison with existing designs relying on single-mode fibers.
